The measurement of the volume scattering function (VSF) of suspended particles is an ongoing research topic since it has the potential to provide a rapid, nondestructive means of analyzing hydrosols. Despite the success of scattering theory, the measurement of multidirectional scattering intensity distributions over a wide, continuous range of scattering angles and multiple scattering planes, which is described by a three-dimensional VSF (3D VSF), has proven to be difficult. To measure the 3D VSF of submicron particles suspended in water, a measurement approach is proposed, built and tested with several standard submicron particles with diameters ranging from 60 nm to 1 μm. The experimental results indicate that the proposed setup can obtain an accurate 3D VSF for scattering angles from 21°to 160°and azimuthal angles from 1°to 179°. Comparisons between the experiment and theory show a high level of consistency for particles with diameters less than 200 nm. The variation in the VSF in response to the polarization direction of the incident light is also discussed. Both the experiment and theory show the potential of the device to detect the 3D VSF of marine submicron biological particles.
Introduction
The propagation of light in a medium is determined by two essential optical properties: absorption and scattering. Understanding these optical properties aids in the characterization of living and nonliving particles in water (lakes and oceans). Unlike the absorption process, the scattering process is directional. Knowing the directional scattering properties is highly informative for identifying the size and shape of suspended particles in water [1] - [7] .
The optical scattering field is a function of the angle between the incident light field and the scattered light field. For convenience, the volume scattering function (VSF), expressed in units of m −1 sr −1 and denoted by β, is defined to describe the angular distribution of light scattered by a small volume [8] and is expressed as equation (1):
where θ is the scattering angle and I is the radiance emerging from the scattering element illuminated by a collimated light beam of thickness r and irradiance E. Several papers have shown that the physical properties of submicron particles can be obtained indirectly through a VSF measurement [9] . In the investigation of marine particles such as microalgae, their unique scattering properties were acquired through the VSF with no relation to the illumination conditions except for the components of natural water, and then from those properties, the sizes of the suspended particles and the submicroscopic geometric structures could be analyzed [10] . Therefore, the VSF provides a valuable solution to scale the scattered light and deliver an approach for particle measurement that can be further developed.
Many devices have been used for VSF measurements, with the first devices developed in the 1960s-1970s [11] - [13] . These common devices can be classified into three types according to their scattering angle detection range: (1) small forward scattering angles, (2) several discrete angles in a synchronous manner, and (3) a wide continuous (and even the entire) range of scattering angles (i.e., 0°∼180°). For the first type, there is no technical difficulty, so these devices are already widely applied in investigations of oceanic optics; typical instruments such as LISST have been commercialized into a series of products [14] . For the second type, there are also quite common commercial instruments on the market, for example, the R-MASCOT and DAWN series [15] , [16] . A challenge arises in the design of the third type. These types of devices are needed for VSF measurements over a wide, continuous range of scattering angles. Although a large angular range of the VSF is always preferred, the existence of stray light and the wide dynamic range of the signal, which typically spans six orders of magnitude, will create difficulties in the instrument design.
Because of this difficulty, researchers have used various optical technologies to improve the angular range and accuracy on a single scattering plane with a fixed azimuthal angle. Lee and Lewis used a rotating periscope prism designed specifically to extend the scattering angle range and measured the VSF over 0.6°-177.3°with a fixed detector and laser source [17] . Tan et al. developed a design by employing two reflectors combined with image detection, and the VSF from 8°to 172°was acquired in a few seconds. They also used a neutral density filter to attenuate the forward scattering for accuracy [18] . Chami invented the polarized volume scattering meter in 2014, which used a double periscopic optical system to separate the scattering plane and receiving plane to ensure a wide range of scattering angles from 1°to 179° [19] . In 2015, Slade combined the commercial instrument LISST with a rotating eyeball detector and obtained the VSF from 0.1°to 150° [20] . The above works improved the range and accuracy by innovating in the structure of the devices and completing the VSF measurement over a wide, continuous range of scattering angles on a single plane. The rapid acquisition of the VSF over all space is still a topic of focus in this area, especially for microorganisms in water.
Another limitation of the current VSF measurement devices is that their measurements are all carried out for specific single scattering plane conditions, which means that their results are applicable only for fixed azimuthal angles. The structure of natural particles can be inferred through the VSF, while a 3D VSF should be measured if the suspensions are not ideally spherical or isotropic. In Ding's work, an algorithm utilizing a 3D VSF to retrieve the size parameters of an ellipsoid and other nonspherical particles was proposed [21] .
The 3D VSF is a function of the wavelength of incident light and the polar direction of scattering described by both the scattering angle θ and azimuthal angle ϕ. The coefficient is expressed as
As scattering detection is usually performed over a large concentric sphere around the sample, the attenuation factor is ignored in the equation. The VSF can be calculated from the differential scattering cross-section per unit solid angle d per unit volume dV. As the scattering cross-section isC sca (θ, ϕ) = W sca (θ, ϕ)/I i , the 3D VSF is finally reformed as the differential scattering cross-section per unit volume dV [17] , [19] , [22] :
where W sca is the scattering energy and I i is the incident intensity. Aiming at a direct measurement of the 3D VSF, several works have considered different devices. Bing Shao et al. recorded light scattering in several scattering planes with an elliptical mirror [23] and provided an inspiring example of a device that uses a reflector to measure the 1D VSF of suspended particles. Using a similar structure, Aptowicz divided and analyzed the scattered light of micron aerosol particles from 9°to 167° [24] - [26] . Liao used a light source obliquely incident on a beam splitter and then collected the forward and backward scattering by two CCDs to span the entire range of scattering angles of 0-180° [27] . These works have potential for development, but they require moving parts or multiple detectors in the final design, and a simplified design may have more advantages during in situ measurements for marine submicron biological particles.
To quickly acquire a stable 3D VSF of a submicron particle suspension, we design a 3D VSF measurement system with one detector. The paper is organized as follows: First, the measurement scheme based on a parabolic mirror and imaging device is proposed, and the geometric relationship between the 3D VSF and the two-dimensional imaging plane is explained. Second, a simulation based on Mie theory is carried out to predict the scattering intensity image that is obtained by the camera. Finally, a prototype setup is built, and several standard polystyrene beads are tested. The VSF in a series of scattering plane experiments is retrieved and compared with the theoretical VSF to verify the effectiveness and accuracy of the device.
Scheme and Design Based on a Three-Dimensional VSF
A simplified schematic of the experimental arrangement is shown in Fig. 1(a) . The key components of the system are as follows: (1) a continuous-wave linearly polarized laser (λ = 532 nm) that illuminates the sample, (2) a 1/2-wave plate placed after the laser to control the polarization direction, and (3) a customized parabolic reflector used to collect the angular scattering of the sample. There is a pair of inlet and outlet cylindrical holes (3 mm in diameter) on the parabolic dish for the incident light. During the experiments, the reflector is filled with deionized water. Hence, an antireflectioncoated optical window is mounted over each hole so that the laser beam passes through the focal plane and focal point without bouncing back while the liquid in the dish does not leak out. The setup also includes the following: (4) a cylindrical cuvette (540-110-80 cell manufactured by Hellma) for the samples, which is put on a rubber ring and held on a transparent round glass cover, finally sitting upright across the focal point of the parabolic dish; the outer and inner diameters of the cuvette are 10 mm and 8 mm, respectively, (5) a high-resolution CCD camera (IMPERX B3320 with a maximum resolution of 2488 × 3312 pixels with a pixel size of 5.50 μm) to record the scattering pattern, and (6) a pair of telescopic lenses with an iris at the confocal point (Coolens DTCM430-90-AL bitelecentric lenses) to filter the stray light and shape the beam.
The diameter of the beam projected to the CCD is determined by the ratio of the focal lengths: D 1 : D 2 = f 1 : f 2 = 0.267. Given D 1 = 60 mm, we obtain a circular beam with a diameter of D 2 = 16.02 mm, which is larger than the CCD imaging area (13.68 mm × 18.21 mm). Thus, only half of the beam area, corresponding to the CCD pixel ranges [1, 2058] for the row and [52, 2965] for the column, is measured effectively at one time.
In the ideal condition, the scattered light received by a specific pixel (i, j) on the CCD array is derived from a corresponding surface element on the parabolic reflector. Assuming that the scattered light on the surface element is homogeneously distributed, denote the spatial angle of the surface element as (θ ij , ϕ ij ), and then the energy of scattering received by the pixel per unit time, is located at the center of the particle, the z-axis is along the propagation direction of the incident light and the x-axis is assigned to form the azimuth ϕ with the scattering plane. The x-axis and y-axis are orthonormal to the z-axis [28] . As shown in Fig. 1(b) , the direction of the z-axis is from the left of the paper to the right, and the zOy plane is parallel to the imaging plane (CCD array). The polarization direction of the incident light is fixed vertical or horizontal to the CCD array during the measurements. that is, the irradiance flux , will be:
where S dS is the area of the surface element and i and j are the row and column of the pixel, with their ranges depending on the size of the illuminated detection area on the CCD array.
Denote the coordinates of pixel (i, j) in the imaging plane by (x ij , y ij ); then, the corresponding relationships between (x ij , y ij ) and the spatial angle (θ ij , ϕ ij ) of the parabolic reflector are:
During the measurements, all the pixels have the same exposure time, and hence, the energy recorded by these pixels is proportional to . With equations (4) and (5), the intensity I (θ ij , ϕ ij ) can be retrieved from the scattering energy recorded by the CCD camera, by definition, as the per unit solid angle d . In practice, a specific spatial angle (θ ij , ϕ ij ) always corresponds to a group of surface elements and may have many specific pixels on the CCD array. Once the scattering pattern is captured by the CCD camera, a simple median algorithm is designed to retrieve one-dimensional VSF (1D VSF) curves from the patterns. The algorithm takes the median energy received by the pixels to calculate the intensity I (θ ij , ϕ ij ). Because the theoretical minimum interval of the retrieved curves depends mainly on the resolution of the CCD array, by considering both the accuracy and efficiency of the data processing, the interval during the measurement is finally taken as 1°for both the scattering and azimuthal angles, which means that the median energy within the region (θ ij ± 0.5 • , ϕ ij ± 0.5 • ) is taken for I (θ ij , ϕ ij ). The chosen specific region is the intersection between the precalculated coordinates of θ ij ± 0.5 • and ϕ ij ± 0.5 • , and this region may contain hundreds of pixels, from 130 to 522.
Finally, the retrieved intensities for the fixed azimuth ϕ ij are normalized to retrieve the onedimensional curve for the fixed scattering plane.
Simulation and Algorithm for Curve Retrieval
To evaluate the potential accuracy of the proposed 3D VSF measurement configuration, theoretical scattering patterns are generated based on Mie theory and Rayleigh-Gans (R-G) approximate theory. For simplicity, single scattering is assumed, as dilute samples will be used in the experiment. An ideal system is assumed, so the deviations induced by aberrations and the misalignment of the optical components are not considered in the simulation.
The scattering amplitude can be expressed by equation (6):
where R is the distance from the detector to the particle, k is the wavenumber, and z is the projection of R on the z-axis. The elements of the amplitude scattering matrix S j (j = 1, . . . , 4) are functions of both the scattering angle θ and azimuthal angle ϕ. For a standard spherical particle that is a homogeneous, isotropic sphere, S 3 and S 4 are equal to zero [28] . The attenuation factor e i k(R −z) /(−i kR) is eliminated in the following calculation, since R will remain the same for all the scattering angles in our design. Denote the components of the incident field along the x and y axes as E x e x and E y e y , respectively, and then the coordinate transformations are
Then, the VSF for a single particle illuminated by the polarized incident light will be
That is,
The VSF of a submicron spherical particle involves the calculation of S1 and S2, in which Mie theory and Rayleigh-Gans (R-G) approximate theory can be employed.
As shown in Fig. 2 , the intensity of forward scattering increases with the bead diameter. For particles with a diameter equal to or greater than 362.2 nm, the forward scattering intensity is greater than the backward scattering intensity by an order of 10 3 or 10 4 . When the dynamic range of the CCD is exceeded, part of the CCD detector will be oversaturated. As a result, the applicable angular measurement range will decrease to (21°, 160°). The algorithm has been evaluated through comparisons of the calculated curves with the retrieved curves from the theoretical patterns. All eleven standard polystyrene submicron particles from 60 nm to 1 μm measured by the experimental device are calculated.
For all the calculated scattering patterns of the 11 measured particles, the algorithm obtains one-dimensional curves for all the azimuthal angles ϕ, representing the curves on all the scattering planes. When the retrieval scattering angle θ ranges from 21°to 160°, all the values of the Pearson correlation coefficients r between the retrieved curves and the curves calculated directly are above 0.9999. For the four types of particles whose diameter is less than 362.2 nm, the relative errors between the theoretical values and retrieved values at all the scattering angles are less than 3% and as low as 1%. For the remainder of the particles, the same accuracy can be achieved in the forward direction (θ < 90°), but errors greater than 5% occur in the backward direction (θ > 90°). Those errors come mainly from the weak scattering value in the backward direction, especially the extreme weak backward scattering responsible for the maximum error. Hence, to ensure the accuracy of the algorithm, several isolated portions with the weakest scattering can be eliminated to smooth the curves. The coefficient of variation c v (%) in Table 1 is defined as the standard deviation σ of the particle diameter d divided by d.
The above error analysis shows that the algorithm can accurately retrieve the one-dimensional VSF curves of submicron particles, and it will be used to process the experimental data in the following sections.
Experimental Device and Sample Preparation for Submicron Particles
The experimental device in the laboratory is designed and built according to the scheme shown in Fig. 1(a) . The experimental samples are standard polystyrene sphere particles with a refractive index of 1.59 and diameters ranging from 60 nm to 1 μm, as shown in Table 1 . The samples were diluted with deionized water to low concentrations and then vibrated with a vortex mixer and ultrasonicated to eliminate aggregation.
As the diameter of the laser beam is 0.45 mm, the path length within the cuvette is 8 mm, taking a 57.7 nm sphere as an example, 2.93 × 10 9 particles are illuminated in the beam path. Assuming that the particles are uniformly distributed in water, they can be regarded as independent cubes whose edges are approximately 13.12 times the particle diameter. Such a distance (much more than 4 times the radius) means that they can be regarded as independent scatterers [29] , and hence, only single scattering is considered. The distance for other particles can be calculated using the data in Table 1 , and similar conclusions can be achieved. Thus, a group of identical, independently scattering microspheres will have the same scattering behavior as a single microsphere so that the resulting VSF simply be the sum of the individual VSFs, and the normalized VSF we obtained in the experiment is regarded as the same VSF of a single sphere.
The experiments are implemented according to the following procedures to ensure accuracy and consistency. (1) The parabolic reflector is filled with deionized water as the buffer medium. (2) Using a rubber ring, the cuvette containing the sample is fixed on a transparent round glass cover and placed in the center of the parabolic reflector, and the laser is adjusted so the incident light passes through the center of the inlet and outlet holes. (3) The camera takes 50 images, and then the raw experimental scattering patterns of the sample are acquired. The gray values of each pixel of the camera are linearly proportional to the scattering distribution of the sample. (4) The camera uses images of the cuvette filled only with deionized water under the same experimental conditions as "blank templates". These images are used as a "blank sample" to correct the VSF measurement of the instrument and water signals.
The raw experimental patterns are processed as follows to calibrate the random noise and coordinate deviations. (1) The random error is eliminated by averaging 50 pieces of the initial images photographed under the same conditions. (2) The average of the blank templates is subtracted from the average of the sample images to eliminate the background noise and stray light from the cuvette. (3) The experimental data is compared with the simulated data to analyze the valid detection area. The values corresponding to the nearby inlet and outlet holes where the stray light causes an extremely high intensity are deleted. (4) For the coordinate correction, a calibration plate is placed on the parabolic reflector, and the corresponding images are used to indicate the coordinate errors caused by the deviation and rotation of the imaging system. Then, a matrix for correction is calculated and applied to calibrate the coordinates. Thereby, the image distortion can be controlled within a few pixels.
Typical examples of processed experimental scattering patterns are shown in Fig. 3 . These images are ready to be transformed to the 3D VSF based on the geometric relationship described by equation (5) .
As shown in Fig. 3 , the experimental scattering patterns generally agree with the theoretical scattering patterns in Fig. 2 ; both have the same scattering distribution and variation trend. That is, when the particle diameter increases, the forward scattering of the experimental pattern also increases, Fig. 4 . Valid region for 1D VSF retrieval. Region marked in yellow is the region chosen for analysis. The dark red lines correspond to the regions for the following curve retrieval. The curves near the edge of the valid region always obtain more pixels and therefore may exhibit better results. The size of the matrix in Fig. 4 is 2108 × 3015. and the experimental scattering distribution shrinks from the whole range into the predicted small forward regions. Meanwhile, the influence of the polarization of the incident light decreases.
All eleven polystyrene bead samples can be distinguished from the significant differences between the experimental patterns. The differences are compared in detail when the 1D VSF in a certain scattering plane is retrieved. Such results demonstrate the effectiveness of the device in terms of its ability to capture massive data rapidly through just one measurement. Therefore, the proposed detection principle for detecting submicron particles in water has been utilized.
Analysis of the Experimental Results

Retrieval of the 1D VSF
A one-dimensional VSF (1D VSF) is retrieved from the scattering pattern obtained using a CCD camera based on the geometric relationship described by equation (5) . The angular scattering distribution for scattering angles θ from 21°to 360°and azimuthal angles ϕ from 0 to 360°can be retrieved.
During the measurements, the polarization direction of incident light is fixed vertical or to the horizontal to the CCD array to get redundant information for comparison. Comparing with the scattering planes when horizontally polarized, the scattering planes have been rotated 90°around the z-axis when vertically polarized. For simplicity, the value of curves' ϕ in vertical polarization has been converted to the corresponding ϕ in horizontal polarization, which is the value of corresponding horizontal ϕ minus 90 degrees.
In the experiments, there are mainly three types of effects caused by the refraction of the cuvette walls when deionized water is used as the buffer medium. First, the refraction introduces a deviation to the curves' ϕ, that is, the values of the measured ϕ will be less than the theoretical ones. When the planes are close to the center of the figure, the deviation increased from approximately 0.09°to 1.21°. Hence, the retrieval algorithm has been revised to calculate the accurate ϕ from trigonometric equations. Second, to acquire a full-range curve for the scattering angle θ, the position of the scattered light at the water-glass interface must always be higher than the depth of the cuvette in the reflector. Third, the scattered particles must be contained within the cuvette. Considering the drift caused by refraction, some planes near the center of the figure will be undetectable if a complete curve on θ is desired. Moreover, the rubber ring on the cuvette enlarges the undetectable area to a circle with diameter of 824 pixels, within row [189, 1013], column [1096, 1920] , which is much larger than the area affected by the refraction. But after processing redundant information we achieved with incident light of two polarization direction, this undetectable area reduced abundantly, and we achieved full set of 1D VSF in scattering planes for ϕ ranges from 1°to 179°.
Meanwhile, since the size of the CCD array adopted in the experiment is only 4/3 inches, only half of the parabolic reflector is completely reflected to the CCD plane in the experiment. Finally, the bottom half region in Fig. 4 is chosen for the calculation.
The bottom half region contains the valid azimuthal angles ϕ from 1°to 55°when the polarization direction is horizontal and from −89°to −35°when the direction is parallel to the vertical. We capture the scattering pattern for both vertically polarized and horizontally polarized incident light for each sample suspension to span the entire range of the azimuthal angle of 1°to 89°, which is a quarter of the entire range in spherical coordinates and can rebuild the whole 3D VSF of spherical particles. Meanwhile, as the oversaturated area near the inlet and outlet holes obviously increases the errors, the range of θ is limited to (21°, 160°) in the following discussions.
Measurements were performed for all eleven standard polystyrene particles. In Fig. 5 , the 1D VSFs of the 57.7 and 362.2 nm particles achieved under the same conditions at separate times are presented as two typical examples for these particles. The results demonstrate the repeatability of the 3D VSF measurement prototype. The value of the Pearson correlation coefficients r between the curves of the same particles also verify the repeatability of the results. For example, the r values between the curves of the 362.2 nm particles are always higher than 0.993, and these values are approximately 0.990 for most planes of the 57.7 nm particles. Meanwhile, the r values of the larger particles are obviously higher than those of the smaller ones, and the curves near the edge of the patterns have better repeatability.
1D VSFs of Particles With a Diameter Less Than 200 nm
Normalized VSF curves with an azimuthal angle ϕ ranging from 5°to 85°with an interval of 1°c an be retrieved practically considering the distortion margin of the image. Given the limitations of the paper length, the 1D VSFs of 57.7 nm∼193.8 nm beads in 9 typical scattering planes, with the azimuthal angle ϕ ranging from 5°to 85°with an interval of 10°, are shown in Fig. 6-9 . All the experimental curves are then compared with the theoretical curves. The theoretical VSFs of the 57.7 nm and 89.4 nm particles are calculated based on R-G theory, since their diameter d and refractive index m satisfy |m − 1| 1 and kd|m − 1| 1, the conditions for the validity of the R-G approximation [28] , while the VSFs of the other beads are calculated based on Mie theory [28] , [30] .
For the 4 types of particles with diameters less than 200 nm, the qualitative analyses show a comparatively high measurement accuracy, as illustrated in Fig. 6 to 10 . For the 57.7 and 89.4 nm particles, their scattering distributions are more homogeneous in θ than the other particles. Hence, the 3D VSF device is quite suited for these particles according to the design of the parabolic reflector. Although Lee and Slade [17] , [20] reported that the smallest particles may have some stability problems because of aggregation, there are a few that fluctuate in sections of the experimental curves. In general, the results are stable and repeatable, and several scattering planes even retrieve almost the same results as the theoretical ones.
For the larger particles, that is, the 154.9 and 193.8 nm particles, their backscattering signals decrease obviously; their curves are shown in Fig. 8 and 9 . For these two larger particles, the accuracy within the backward scattering angles is less than that of the particles with diameters less than 100 nm, but the trends of the variations are the same as those predicted by Mie theory. Meanwhile, the VSF curves for the forward angles fit well with the theory. Fig. 10 shows how the VSF of the 154.9 nm bead changes with the azimuthal angle when the incident light is linearly polarized. The trends of the variation among the different scattering planes are the same as those predicted by Mie theory. Fig. 7 . Comparisons between the normalized experimental and theoretical curves of the 89.4 nm particle. Only 9 typical curves are presented. The azimuthal angle ϕ of the scattering planes ranges from 5°to 85°with an interval of 10°. The experimental curves are marked in red, and the theoretical curves calculated by R-G theory are marked in black.
1D VSFs of Particles With a Diameter Greater Than 200 nm
Although the device is quite effective for particles with a diameter less than 200 nm, for larger particles, the differences between the theoretical and experimental curves become more obvious, as shown in the two groups of figures below.
For the 242.4 nm particles, results similar to those predicted by theory can still be observed in several planes. When the diameter of the particles is greater than or equal to 362.2 nm, although both the theoretical and experimental patterns calculate the ratio of the backscattering intensity to always be less than 4%, the device still detects intensity variations less than 1% of the maximum grayscale value.
For particle diameters ranging from 242.4 nm to 528.3 nm, the relative error is less than 15% in the angular range of 21°to approximately 35°, reaching a maximum of 40°. Similar low-error regions will be reduced to an area within (21°, 30°) in θ for particles whose diameter is greater than 528.3 nm. One possible reason for these high relative errors is that the maximum intensity can vary on the order of 10 7 higher than the minimum intensity in the measurements. Such dynamic ranges in the measurements are clearly beyond the response range of the CCD camera. Hence, to acquire correct results for large particles, the device should be further improved.
Measurement Error and the Limitations of the Estimation
To further verify the above qualitative analysis, an error analysis is needed. The relative error versus the scattering angle is regarded as the best estimate for the error, since we measure the scattering distribution versus the scattering angle.
The relative error curves between the experimental and theoretical results in Fig. 6 to 9 are presented in Fig. 13 .
From the relative error curves, we affirm that the experimental VSF curves of the 57.7 and 89.4 nm particles are satisfactory. For most scattering planes, the relative errors at most scattering angles are less than 15%, even 10%. For the 154.9 and 193.8 nm particles, as Fig. 8 and 9 have already revealed, angles with relative errors less than 15% are mainly found in the forward angles. For the 57.7 nm particles, the mean absolute errors (MAEs) of θ are always less than 10% in Fig. 9 . Comparisons between the normalized experimental and theoretical curves of the 193.8 nm particle. Only 9 typical curves are presented. The azimuthal angle ϕ of the scattering planes ranges from 5°to 85°with an interval of 10°. The experimental curves are marked in red, and the theoretical curves calculated by Mie theory are marked in black. All the curves are presented as semilogarithmic curves. Fig. 10 . Comparisons between the normalized experimental and theoretical curves in multiple planes of the 154.9 nm particle. The azimuthal angle ϕ of these planes ranges from 5°to 85°with an interval of 10°, as shown in Fig. 6 to 9 . most scattering planes, and the MAEs for several planes are even 5%. For the 89.4 nm particles, the MAEs mainly vary from 10% to 15%. For the 154.9 and 193.8 nm particles, the MAEs are approximately 15%∼20% and 30%∼40%, respectively. The 154.9 and 193.8 nm particles have extreme points in the relative error near the lateral scattering angles when ϕ = 5°. This phenomenon is due to the scattering intensity trending to zero at such a lateral angle. More precisely, an error peak predicted by Mie theory appears at θ = 92°for the 154.9 nm particle, since the scattering intensity at θ = 92°is as small as 0.006 of the maximum intensity I max , where the device obtains a scattering intensity of 0.014 of I max . For the 193.8 nm particle, when θ = 91°, the measured and theoretical error peaks are 0.008 and 0.006 of I max , respectively. Hence, the practical meaning of such isolated extreme points in only one scattering plane is quite limited.
Conclusions
In this paper, a 3D VSF measurement scheme is proposed, and a prototype is built with a parabolic reflector and an optical imaging system. The proposed scheme has the advantages of a fast response and a wide angular range, since no moving parts are included in the design. The scattering information is contained within the two-dimensional scattering patterns photographed by the camera, and the 1D VSF curves in different scattering planes can be retrieved by the algorithm from the patterns through the geometric relationship between the CCD pixels and the surface elements on the reflector.
A series of standard polystyrene beads are tested by the 3D VSF measurement prototype. Due to practical limitations, the retrieval interval in the measurement is 1°for both the scattering angles from 21°to 160°and the azimuthal angles equivalently from 1°to 89°.
All the experimental curves have been compared with theoretical VSFs calculated based on Mie and R-G theory. For the 4 particles with diameters less than 200 nm, their normalized VSF curves show a comparatively high measurement accuracy, and the relative errors of most forward scattering angles can be less than 15% and even 10%. The prototype is designed for a scattering intensity varying on the order of 10 7 for the whole angle range, corresponding to a 242.4 nm polystyrene bead in our experiment. A more complicated optical design, with nonlinear attenuation, for example, should be introduced for a greater dynamic range of the scattering intensity.
The device enables a rapid measurement of the VSF over all space and has the potential to detect natural suspended particles such as marine microorganisms. According to the distribution of the scattered light by particles, advanced research will further improve the performance of the device, for example, using several attenuator elements for different particles to improve the contrast or weaken the stray light. An in situ measurement technique for marine submicron biological particles will enhance such a sophisticated project.
